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FOREWORD 


This  special  report  is  a  supplement  to  Aerojet-General  Report  No.  2126 
(AFCSR  1302)  and  summarizes  the  work  conducted  on  the  Two-Dimensional  Motor 
Program.  This  work  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research 
on  Contract  AF  49 (638 )-178,  Project  No.  9751>  Task  No.  5751°;  and  by  Aerojet- 
General  Corporation.  The  period  covered  is  from  December  i960  to  December  1961. 

Approved  by: 

R.  H.  UcFee 

Acting  Manager 

Advanced  Research  Division 


Page  ii 


Report  No.  2185 


ABSTRACT 

A  two-dimensional  motor  was  designed,,  fabricated,  and  tested  to  establish 
improved  techniques  for  measuring  the  dynamic  characteristics  of  the  combustion 
mechanism  in  an  operating  thrust  chamber.  The  criteria  on  which  the  design  of 
the  motor  was  based,  the  experimental  equipment,  and  the  tests  conducted  are 
described.  The  methods  by  which  this  motor  can  be  used  to  investigate  stable 
and  unstable  combustion  are  discussed  and  the  correlations  necessary  to  relate 
the  observed  phenomena  to  the  behavior  of  full-scale  rocket  engines  are  indicated. 
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I.  INTRODUCTION 

The  ultimate  goal  of  the  investigators  studying  combustion  instability  is  to 

•* 

establish  sound  criteria  for  the  design  of  stably  operating  rocket  engines.  Such 
design  criteria,  together  with  any  resultant  increase  in  the  understanding  of 
combustion,  will  fora  the  basis  of  a  technique  for  numerically  predicting  thrust- 
chamber  performance.  Analytical  performance  calculations  based  on  a  paper  design 
and  theoretical  and/or  empirical  concepts  will  then  be  possible,  reducing  to  a 
minimum  the  reliance  on  expensive  "cut-and-try"  experimental  techniques. 

The  Two-Dimensional  Motor  Program  discussed  in  this  report  is  one  approach 
to  the  achievement  of  this  goal.  The  objectives  of  this  program  are  (a)  to  esta¬ 
blish  a  transparent -vail  research  device  in  which  (b)  the  combustion  mechanism 
could  be  quantitatively  observed  and  (c)  correlated  to  the  phenomena  as  encountered 
in  large-scale  rocket  engines. 

Complete  fulfillment  of  these  objectives  will  result  is.  both  a  significant 
advancement  in  rocket-engine  design  theory  and  an  overall  improvement  in  the  basic 
understanding  of  the  combustion  process.  Such  information  will  aid  in  the  eventual 
establishmer.t  of  analytical  techniques  for  predicting  inherent  stability. 

A  test  and  study  program  was  initiated  and  completed  which  fulfilled  the 
first  two  of  the  requirements  listed  above.  The  third  objective  of  the  Two-Dimen¬ 
sional  Motor  Program  was  beyond  the  scope  of  the  work  funded  by  the  Air  Force 
Office  of  Scientific  Research  'under  Contract  AF  ^9(638 )-178  and  by  Aerojet-General 
Corporation.  The  design,  fabrication,  and  test  installation,  of  the  two-dimensional 
motor  was  accomplished  on  the  AFOSR  contract.  The  testing  and  report  preparation 
were  financed  by  Aerojet. 


As  used  in  this  report,  "motor"  means  a  research  device  and  "engine"  means  a 
full-scale  rocket  engine. 
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Theoretical  concepts  were  developed  (Refs.  1  and  2)  and  qualitatively 
verified,  using  available  experimental  data  previously  developed  on  this  contract 
(Ref.  j)  which  demonstrated  that  the  inherent  stability  of  a  combustion  process 
is  primarily  dependent  on  (a)  the  amount  of  pressure-sensitive  energy  available 
for  release  to  a  given  pressure  perturbation  and  (b)  the  relationship  between  the 
replenishment  of  this  energy  and  the  characteristics  of  the  perturbation.  Empiri¬ 
cal  equations  relating  the  magnitude  and  distribution  of  pressure-sensitive  energy 
in  a  combustor  to  engine  operating  parameters  were  developed.  By  using  the  two- 
dimensional  motor  for  quantitative  investigation  of  the  combustion  mechanism,  it 
should  b°  possible  to  refine  the  form  of,  and  to  evaluate  the  constants  for,  these 
empirical  expressions.  It  vail  then  be  possible  to  establish  the  characteristics 
of  pressure-sensitive  energy  within  full-scale  rocket  engines. 

The  discussions  contained  in  this  report  will  detail  (a)  the  design  criteria, 
(t )  the  configuration,  and  (c)  the  testing  of  the  two-dimensional  motor.  The 
significance  of  this  device  as  a  scientific  research  tool  and  recommended  areas 
for  future  investigations  will  be  discussed. 

H.  DESIC-N  CRITERIA 

The  objective  of  the  two-dimensional  motor  was  to  provide  a  research  device 
for  the  scientific  determinaticn  of  the  parameters  affecting  and/or  controlling 
the  magnitude  and  spatial  distribution  cf  pressure-sensitive  available  energy  in 
a  full-scale  combustion  chamber. 

The  discussions  below  will  describe  the  problems  inherent  in  the  measure¬ 
ment  of  available  energy  in  a  combustor  and  the  criteria  for  designing  a  device 
for  overcoming  these  difficulties. 

A.  MEASUREMENT  OF  AVAILABLE  ENERGY 
1.  Available  Energy  Equation 

The  analytically  derived  relationships  presented  in  Ref.  1 
indicate  that  the  pressure-sensitive  energy  available  at  any  point  in  a  combustion 
chamber  can  be  expressed  by  the  relationship 
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■T  dd 

A  i!L 


(1) 


where 

€  =  pressure-sensitive  energy  available  for  release  by  a  pressure 

perturbation 

c  -  unit  heat  cf  combustion 
t  •-  chemical  combustion  time 
A  =  chamber  cross-sectional  area 

Q.U 

tt  ■-  gaseous  acceleration  with  respect  to  chamber  length 

CT 

A  numerical  value  for  the  tern  —  has  not  been  accurately  determined;  for 
the  purposes  of  this  report  it  will  be  considered  a  constant.  Rased  upon  the 
limited  qualitative  data  presently  available,  this  assumption  appears  to  be  valid; 
consequent.!;/  it  is  possible  to  determine  a  relative  £  profile  i'or  a  given  com?  - 
buster  by  measuring  gaseous  motion  with  respect  to  chamber  length.  Gaseous 
acceleration,  ^r,  and  t-hus  f  are  determined  by  differentiating  the  absolute 

dxj  ^-a 

chamber-go s  velocity  profile  with  respect  to  length,  at  a  series  of  points  in 
the  chamber. 

2.  Streak-Film  Photography 

Chamber-gas  motion  at  any  location  within  a  combustion  chamber 
can  be  determined  using  high  speed,  shutterless,  "streak-film"  cameras  (Refs.  4, 

5,  6,  and  7).  Cameras  of  this  type  have  been  used  for  many  years  to  study  com¬ 
bustion  phenomena  and  have  proved  to  be  valuable  research  tools,  once  their 
limitations  are  recognized. 

The  camera  is  focused  to  view  events  within  the  combustion 
chamber  through  a  transparent  slit  (see  Figure  l).  The  film  is  exposed  as  it 

passes  through  the  lens  focal  point  at  a  high  velocity,  in  a  direction  axially 

perpendicular  to  the  camera  lens  and  the  transparent  slit.  The  result  of 
operating  the  camera  in  this  manner,  and  without  a  shutter,  is  a  film  e>q?osure 
simiiar  to  that  in  Figure  2.  The  dots  along  the  edge  of  the  film  are  millisec 
timing  marks  used  to  determine  the  instantaneous  film  velocity  and  to  time- 
correlate  uhe  data  records. 
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The  streaks  recorded  on  the  film  are  images  of  luminous  gas 
particles  in  the  moving  gas  stream.  The  slope  of  a  streak,  at  a  specified 
time  and  chamber  location,  represents  the  Instantaneous  local  chamber-gas 
velocity  component  in  the  direction  of  the  slit.  If  the  slit  is  aligned  in 
the  direction  of  particle  motion  (i.e,,  along  the  axis  of  a  streamtube),  the 
particle  acceleration  (i.e.,  the  rate  of  change  of  velocity  with  respect  to 
distance )  is  obtained  by  differentiating  the  measured  velocity  profile  with 
respect  tc  chamber  length.  The  necessary  steps  to  derive  a  relative  available 
energy  profile  are  graphically  illustrated  in  Figure  3* 


For  combustion  chambers  where  recirculation  eddies  exist,  It 
is  'virtually  impossible  to  align  a  transparent  slit  in  the  direction  of  gaseous 
particle  motion.  Consequently  accurate  particle  accelerations  are  exceedingly 
difficult  tc  establish,  as  shewn  in  the  example  below. 


A  hypothetical  example  of  the  streak  that  would  be  recorded 

fer  a  ce circulation  eddy  which  lies  in  a  plane  parallel  to  the  field  of  view  of 

the  camera  is  illustrated  in  Figure  4.  Assume  that  the  eddy  has  a  constant 

recirculation  velocity,  V  .  If  this  streak  were  part  cf  a  film  record  being 

6 

analyzed,  and  if  it  were  not  realized  that  an  eddy  existed,  it  is  conceivable 

that  an  inr crrect  conclusion  would  be  drawn  regarding  particle  velocity.  It 

might  be  concluded  than  particle  velocity  varies,  at  this  point  in  time,  from 

zero  to  V  and  back  to  zero  again  because  the  measured  velocity  is  only  that 
S 

component  of  particle  motion  in  the  direction  of  the  slit.  Thus,  when  gaseous 
particle  motion  is  composed  of  multi-directional  components,  the  recorded 
velocity  will  be  less  than  the  actual  velocity.  The  major  problem  in  using 
streak-film  photography  to  obtain  velocity  profiles  is,  therefore,  the  accurate 
determination  of  the  absolute  local  chamber-gas  velocity,  U,  where  recirculation 
eddies  exist. 


Accurate  velocity  measurements  can  be  made  if  the  recirculation 
eddies  can  be  eliminated  so  that  the  gas  flow  is  parallel  to  the  chamber  axis, 
and  if  the  streak-film  slits  can  be  aligned  with  the  combustion-gas  streamtubes. 
The  limitation  of  this  approach  is  that  recirculation  eddies  do  exist  in  full- 
scale  combustion  chambers.  Hence,  if  they  are  eliminated  in  the  research  device, 
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it  will  be  necessary  to  establish  factors  correlating  the  measured  combustion 
gas-velocity  profiles  to  those  conditions  where  eddies  do  exist  in  full-scale 
chambers;  this  would  be  difficult. 

If  recirculation  eddies  cannot  be  eliminated,  the  combustion 
phenomena  must  be  photographed  in  three  orthogonal  directions  and  the  measured 
velocities  vectorially  summed  to  obtain  a  resultant  velocity  profile.  The 
problems  inherent  in  the  development  of  a  device  capable  of  recording  combustion- 
gas  motion  precisely  in  three  dimensions  at  any  point  in  the  chamber  are  difficult 
or  impossible. 

One  of  the  major  criteria,  therefore,  for  the  design  of  any 
research  device  used  for  measuring  available-energy  profiles  is  to  provide  a 
means  of  controlling  and  distinguishing  recirculation  eddies  whenever  they  exist. 
As  will  be  shewn  later,  this  requirement  can  be  fulfilled  by  using  a  test  device 
which  limits  recirculation  eddies  to  a  single  plane. 

B.  TRANSPARENT  MOTORS 

In  formulating  the  design  criteria  for  a  transparent-valled  rocket 
engine  to  be  used  on  this  program,  a  review  was  made  of  all  available  information 
on  transparent-motor  experiments  (see  Refs.  5  through  14  for  a  partial  list). 

A  brxef  description  cf  the  configuration,  application,  and  limitations  of  sev¬ 
eral  of  these  transparent  motors,  together  with  experimental  data  on  them, 
is  presented  below. 

1.  The  Pulse  Motor 

The  purpose  of  the  pulse  motor  (Figure  5)  is  to  provide  a 
research  tool  to  simulate  the  operational  characteristics  of  a  full-size  thrust 
chamber  at  moderate  thrust  levels,  using  durable,  replaceable  hardware.  By 
incorporating  within  its  design  an  instability- initiating  mechanism,  it  is 
possible  to  control  the  onset  of  unstable  combustion  and  to  determine  the 
relative  susceptibility  to  instability  of  various  engine-injector  configura¬ 
tions.  The  characteristic  behavior  of  an  instability,  during  its  initiation 
and  growth,  is  determined  by  optical  and  mechanical  observations.  Detailed 
discussions  of  the  pulse  motor,  its  purpose,  characteristics,  uses,  and  result¬ 
ant  experimental  data,  are  contained  in  Refs.  6,  3,  and  9* 
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The  pulse  motor  concept  is  basically  sound,  but  it  has  several 
limitations  that  must  be  recognized.  A  discontinuous  injection  pattern  deviating 
from  the  full-scale  configuration  is  used  (Figure  5)  to  make  possible  operation 
at  moderate  thrust  levels.  As  a  result,  the  propellant -mixing  characteristics 
encountered  with  this  type  cf  injector  differ  significantly  from  those  of  the 
full-scale  injector.  Even  though  it  is  desirable  that  any  research  device 
used  in  studying  combustion  gas  motion  operate  at  these  thrust  levels,  it  can 
be  concluded  that  the  use  of  discrete  injector  pods  cannot  completely  simulate 
full-scale  engine  conditions. 

The  cylindrical  shape  of  the  chambers  of  the  pulse  motor  re¬ 
sults  in  additional  difficulties.  It  is  difficult  to  define  the  location  or 
characteristics  of  specific  events  in  three-dimensional  space  where  hetero¬ 
geneous  combustion  is  occurring.  A  cylindrical  chamber  does  not  lend  itself 
tc  reducing  or  eliminating  recirculation  eddies,  while  under  certain  conditions 
(e.g.,  when  discrete  injector  pods  are  used),  it  may  actually  promote  eddies 
cf  undetermined  strength.  A  more  complete  discussion  of  the  problems  encountered 
in  using  the  pulse  motor  are  discussed  in  Ref. 

2.  The  Wedge  Motor 

The  wedge  motor  is  a  device  designed  to  investigate  experi¬ 
mentally  the  stable  combustion  mechanism.  It  was  developed  under  another 
contract,  and  was  used  to  extend  the  understanding  of  the  combustion  phenomena 
as  studied  under  Contracts  AF  l8(600)-1155  and  AF  49(638)- 178.  The  wedge-motor 
design  is  based  on  the  premise  that,  when  a  pic-shaped  segment  is  removed  from 
a  full  scale  engine,  the  combustion  process  within  that  segment  is  not  grossly 
altered.  By  placing  walls  along  the  radii  of  the  segment,  at  least  one  of  which 
serves  as  an  observation  window,  it  is  possible  to  observe  the  full-scale  thrust- 
chamber  combustion  mechanism,  but  at  a  more  moderate  thrust  level.  The  design 
and  operation  of  the  wedge  motor  are  discussed  in  Ref.  10. 

It  has  been  found  that  the  wedge  motor  adequately  simulates 
the  full-scale  combustion  phenomena  and  yet  allows  the  direct  observation  of 
its  burning  characteristics.  Using  this  motor,  it  was  possible  to  examine  the 
injection  characteristics  more  precisely  than  had  previously  been  possible. 
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Comparison  of  the  overall  performance  characteristics  of  the  wedge  motor  to  those 
of  the  full-scale  engines  indicated  almost  a  one-to-one  correlation.  It  should 
be  noted  that  these  comparisons  were  made  at  the  exit-plane,  vith  no  attempt  to 
determine  variations  in  the  actual  combustion  rate  throughout  the  chamber.  More¬ 
over.  no  studies  have  been  conducted  to  determine  whether  variations  in  the 
circumferential  components  of  gas  notion  exist.  It  should  be  noted  that  the 
wedge  motor  was  designed  as  a  developmental  tool;  for  this  specific  purpose, 
it  has  been  quite  satisfactory. 

The  wedge  motor  was  used  in  conjunction  vrith  Contract  AF 
49(6.o6 )-173,  tc  obtain  the  initial  neasurments  of  pressure-sensitive  available 
energy.  Streak-film  photography  was  used  to  measure  gaseous  acceleration  with 
respect  to  chamber  length.  By  measuring  the  acceleration  of  the  chamber  gases, 
thus  determining  the  relative  rate  of  combustion  products  generation,  it  was 
possible  to  determine  a  relative  available -energy  profile  for  the  motor.  Initial 
measurements  in  the  wedge  motor  did  net  consider  motion  in  any  direction  ether 
than  the  axial.  However,  these  measurements  did  indicate  the  potential  of  this 
technique  for  evaluating  available  energy. 

It  should,  be  noted  that  the  measurements  made  in  the  wedge 
motor  consisted  of  observing  gaseous  motion  along  a  single  fixed  axial  line. 

This  line  was  not  fixed  with  respect  to  the  gaseous  streamtubes  within  the 
chamber,  because  of  their  tendency  to  oscillate.  large  velocity  gradients 
between  adjacent  streamtubes  were  frequently  observed.  Thus,  the  oscillatory 
metier,  of  the  streamtubes  causes  an  apparent  velocity  variation  with  respect 
to  time  at  °ach  axial  point  along  the  line  of  observation.  Such  variations  in 
the  recorded  data  indicate  the  necessity  of  determining  the  absolute  velocity 
components  at  a  number  of  points  along  each  line  of  observation.  This  can  only 
be  done  using  orthogonal  streak-film  records,  assuming  that  all  gaseous  motion 
exists  in  the  two-dimensional  plane  of  observation. 

The  simulation  of  full-scale  combustion  by  the  wedge  motor  is 
limited  because  of  the  shape  of  the  chamber,  which  produces  a  very  narrow  com¬ 
bustion  cross  section  at  the  thrust -chamber  axis  and  thus  restricts  the  events 
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occurring  within  this  region.  This  motor  also  has  the  disadvantage  of  being 
strongly  hardware -oriented,  since  the  chamber  walls  and  the  injector  are  actually 
derived  from  operational  rocket  engines.  It  is  therefore  difficult,  if  not 
impossible,  to  modify  the  injector  pattern  or  to  control  precisely  the  injec¬ 
tion  process.  Also,  there  is  no  way  in  which  the  effects  on  the  combustion 
process  of  the  two  side  walls  can  be  analyzed. 

3*  Two- Dimensional  Motors 

Two-dimensional  transparent  motors  have  been  used  by  various 
investigators  to  study  the  combustion  phenomena  (Refs.  7>  12,  and  13 ). 

The  device  described  in  Ref.  7  was  originally  designed  to 
investigate  the  combustion  characteristics  of  a  specific  injector- thrust  chamber 
combination.  Later  experimentation  included  the  use  of  this  engine  as  a  research 
device  to  investigate  various  aspects  of  the  combustion  phenomena,  such  as  re¬ 
action  rates,  mass  and  energy  transfer,  etc.  Particular  emphasis  was  put  on  the 
determination  of  velocity  profiles  by  using  streak-film  photography.  This  device 
was  also  used  to  examine  variations  in  the  injection  mechanism,  together  with 
resu-tant  change s  i..  combustion,  during  an  instability. 

Refs.  12  and  13  describe  two  different  two-dimensional  motors 
of  approximately  the  same  configuration,  which  were  used  to  investigate'  vari¬ 
ations  in  the  combustion  mechanism  resulting  from  the  use  of  several  injector 
types.  The  first  thrust  chamber  was  a  100- lb  thrust  motor  consisting  basically 
of  metal  contour  and  injector  plates  clamped  between  two  plastic  sheets,  which 
was  designed  to  operate  at  a  chamber  pressure  of  JOO  psia.  The  combustor  had 

ft 

a  uniform  thickness  of  l/ 2  in.  and  a  characteristic  chamber  length  (L  )  of 
approximately  60  in. 

The  second  motor  was  a  two-dimensional  transparent  thrust 
chamber  approximating  a  slice,  0.47  in-  thick,  from  a  1000- lb  thrust  rocket 
engine,  which  was  also  designed  to  operate  at  a  chamber  pressure  of  300  psia. 

ft 

The  combustor  had  a  contraction  ratio  of  5-9  and.  an  L  of  57  in. 
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These  motors  had  Lucite  windows  affixed  to  both  sides  to  permit 
observation  of  the  combustion  mechanism.  The  events  occurring  within  the  com¬ 
bustor  were  recorded  by  a  framing  camera  at  3000  fr/sec.  Flame-intensity 
fluctuations  were  recorded  in  the  latter  engine  by  a  photoelectric  cell. 

Beth  motors  were  instrumented  to  measure  steady-state  and 
oscillatory  chamber  pressures.  Lou-  and  high-frequency  instabilities  were 
encountered  and  qualitatively  measured  in  the  former  motor.  The  low-frequency 
unstable  combustion  oscillated  at  100  cps,  while  the  high-frequency  instabilities 
oscillated  at  frequencies  corresponding  to  the  resonant  characteristics  of  the 
chamber.  It  was  found,  in  the  latter  motor,  that  the  flame-intensity  and  pres¬ 
sure  fluctuations  were  in  phase. 

Difficulties  were  encountered  in  the  use  of  these  motors 
because  of  window  erosion  and  obstructed  light  transmission.  The  erosion  was 
most  severe  at  points  of  propellant  impingment  and  at  the  nozzle  throat.  The 
plastic  eroded  at  a  rate  equivalent  to  20 $  of  the  propellant  flow  rate  (Ref.  12) 
and  resulted  in  an  8-l4$/sec  reduction  in  chamber  pressure  (Ref.  13).  The  trans¬ 
mitted  combustion  light  become  increasingly  obscured  during  each  test  because 
cf  depositing  of  an  opaque  substance  -  probably  carbon  particles  -  on  the  inner 
window  surfaces. 

Hie  information  derived  from  these  motors  was  very  useful  in 
establishing  design  criteria  for  the  device  used  on  this  program.  It  was  esti¬ 
mated,  based  on  the  testing  of  these  motors  and  the  wedge  motor,  that  window 
erosion  would  net  be  a  severe  problem  if  direct  liquid  impingment  was  avoided. 

It  was  later  determined  (see  Section  V)  that  the  plastic  v'ould  erode  without 
direct  liquid  impingment  and  surface  brrning  if  turbulent  combustion  occurred 
immediately  adjacent  to  the  liner. 

One  limitation  common  to  all  of  these  motors  is  that  a  method 
for  determining  the  effect  of  the  walls  on  the  combustion  process  has  not  been 
established.  Two-dimensional  motor  data  cannot  be  used  directly  to  describe 
the  events  within  a  full-scale  engine  because  of  (a)  the  differing  effects  of 


i 
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the  walls  (e.g.,  heat  transfer  and  frictional  losses  to  the  walls  per  unit  vol¬ 
ume  of  gas,  channeling  of  the  flow,  etc.)  and  (b)  the  two-dimensional,  rather 
than  three-dimensional,  flow  characteristics.  Therefore,  if  a  two-dimensional 
motor  is  used,  it  is  necessary  to  establish  a  technique  whereby  the  observed 
two- dimens ional  data  can  be  correlated  to  the  full-scale  combustion  processes. 

k.  Summary 

The  shortcomings  of  the  available  combustion  devices  described 
above  have  precluded  the  precise,  scientific  evaluation  of  the  combustion  pheno¬ 
mena.  In  order  to  overcome  the  inherent  difficulties  encountered  in  these  motors, 
a  special  device  with  transparent  walls,  the  two-dimensional,  variable -width 
motor,  was  selected  as  the  best  research  tool  for  obtaining  reasonably  accurate 
velocity  profiles. 

A  two-dimensional  chamber  will  limit  the  gross  gaseous  motion 
to  a  single  plane.  This  will  reduce  the  required  photography  to  the  recording 
of  events  in  two  orthogonal  directions  and  will  eliminate  many  of  the  recir¬ 
culation  eddy  problems  inherent  in  such  combustion  devices  as  the  wedge  motor. 

As  mentioned  above,  the  two-dimensional  data  cannot  be  used 
directly  to  describe  the  combustion  phenomena  in  full-scale  engines.  Wall- 
effect  correlation  factors  must  first  be  derived  and  applied.  A  detailed  dis¬ 
cussion  cf  the  techniques  used  to  establish  these  correlation  factors  is  pre¬ 
sented  in  Section  III.  It  should  be  sufficient  to  state  at  this  point  that 
the  technique  involves  experimentation  in  which  the  width  of  the  combustor  is 
varied. 

C.  OPERATING  PARAMETER  VARIATIONS 

For  a  more  realistic  approach  to  the  problem  of  determining  the 
parameters  affecting  and/or  controlling  the  magnitude  and  spatial  distribution 
of  pres  sure -sensitive  energy,  it  is  necessary  that  the  configuration  of  the  test 
device  facilitate  the  control  and  variation  of  the  operating  parameters.  Since 
the  operating  parameters  must  be  variable,  the  major  criteria  for  the  hardware 
design  are  established  as  described  below. 
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1.  Chamber  Pressure 

It  has  teen  show  that  the  propellant  burning  rate  is  propor¬ 
tional  to  sene  pouter  of  t  V*  chamber  pressure,  anj  that  the  amount  of  energy 

available  for  release  by  a  pressure  perturbation,  £  ,  is  related  to  the  Dropellant 
.  a 

biu-ning  rate,  Q  (Ref.  l).  Therefore  it  is  necessary  that  this  device  be  able  to 
operate  at  pressures  simulating  those  encountered  in  current  full-scale  engines 

r 

in  order  that  the  effects  of  chamber  pressure  variations  on  C  can  be  realisti- 

a 

caily  studied. 

Chamber  pressure  car.  ie  changed  by  varying  either  the  propel¬ 
lant  veight-flow  density,  w./Ari,  or  the  cross-sectional  area  of  the  throat,  A^. 

As  will  be  seen  later,  it  is  cLsirable  to  be  able  to  vary  both  of  these 
narameters. 


2.  Injection  Velocity 


It  has  been  shown  in  Ref.  15  that,  as  the  propellant  injection 
velocity  increases,  the  pry; el lent  vaporization  late  al.  0  increases.  Since  the 

propellant  burning  rate,  a,  is  ,  ■'cpcrticp.nl  to  the  vaporization  rate  and  the 

» 

available  energy  is,  as  r  rtir:  ■:!  above,  related  to  Q,  it  is  necessary  that  in¬ 
jection  velocity  be  vurir'-ie  so  that  its  effects  on  t  can  be  studied.  The 
injection  velocity  can  be  varied  either  by  keeping  the  injection  orifice  diam¬ 
eters,  d£,  constant  and  varying  the  propellant  weight  flow  density,  Vp/Ac,  or 
by  varying  dQ  while  keeping  w^/a^  constant.  Again  it  would  be  desirable  to  be 
able  to  vary  both. 


3.  Prcpellant  Spatial  Distribution 

I11  the  initial  testing  phase,  it  is  necessary  to  use  a  homo¬ 
geneous  injection  pattern,  as  discussed  in  Section  III.  Later  in  the  program  it 
will  be  necessary  tc  study  ncr.homogeneous  injection  to  achieve  a  mere  realistic 
simulation  of  the  characteristics  of  full-scale  injectors.  From  an  economic 
standpoint,  it  would  be  advisable  to  minimize  injector  fabrication.  This  can  be 
done  by  designing  injectors  whose  configuration  can  be  altered  with  a  minimum 
amount  of  effort. 
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In  order  to  investigate  the  effect  of  ri-oneil;u.t  apa+.al  uis- 
tribation  on  the  magnitude  and  distribution  of  available  energy,  it  is  necessary 
for  the  injector  to  be  designed  so  that  its  propellant  injection  characteristics 
can  be  controlled  and  precisely  predicted. 

4,  Other  Variable  Parameters 

The  following  parameters  should  also  be  variable: 

a.  The  propellant  mixture  ratio. 

b.  The  chamber  width,  in  order  to  establish  the  wall- 
effect  correlation  factors  previously  mentioned. 

c.  Chamber  wall  material.  The  ability  to  vary  the 
composition  of  the  material  in  the  walls  would 
make  this  motor  a  more  flexible  research  tool. 

By  using  such  variations,  it  would  be  possible 
to  investigate  the  effects  of  varying  heat  sinks, 
material  erosion,  gas  addition,  etc. 

d.  Chamber  length,  so  that  any  particular  engine 

,  configuration  could  be  simulated  more  closely. 

The  chamber  should  be  at  least  long  enough  so 
that  it  operates  efficiently  under  the  most 
adverse  propellant-mixing  conditions. 

e.  Propellant  combinations.  The  motor  should  be 
capable  of  examining  the  combustion  of  the  more 
common  liquid  propellants. 

D.  INSTRUMENTATION 

1.  Optical  Techniques 

The  chamber  should  be  designed  so  that  several  unobscured 
transparent  slits,  both  parallel  and  perpendicular  to  the  chamber  axis,  can 
be  used  simultaneously  to  view  and  record  the  combustion-gas  motion  with  streak- 
film  cameras. 
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Previous  experience  with  streak-film  photography  has  indicated 
that  a  high  film  velocity  (e.g.,  60  to  200  ft/sec. )  is  required  to  achieve  an 
adequate  degree  of  resolution.  Superior  photographic  results  may  be  derived 
if  color  film  is  used  instead  of  black  and  •white,  since  it  has  a  greater  latitude 
that  may  be  useful  in  distinguishing  events  lacking  in  definition. 

An  accurate  time-correlation  between  the  film  records  and  the 
ether  data  records  (e.g.,  oscillograph)  is  required.  This  is  usually  accomplished 
by  placing  1000-cps  timing  narks  on  all  records  with  a  common  occurrence  mark 
appearing  simultaneously  at  some  point  on  each  record.  Timing  marks  are  also 
needed  in  determining  instantaneous  film  velocity  in  order  to  establish  particle- 
velccity  profiles. 

The  streak-film  cameras  must  be  oriented  to  permit  an  unob¬ 
structed  view  of  the  entire  window  slit,  with  minimum  light  diffraction. 

It  is  also  desirable,  although  not  necessary,  to  photograph 
the  gross  combustion  process,  the  propellant  injection,  and  the  ignition  char¬ 
acteristics  with  a  high-speed  motion-picture  camera  such  as  the  Fastex  camera. 

These  films  should  be  t alien  in  addition  to  any  required  documentary  movies. 

2.  Mechanical  Techniques 

Chamber  and  manifold  pressures  must  be  measured  with  sufficient 
accuracy  to  provide  a  continuous  record  of  both  the  mean  pressure  and  any  signif¬ 
icant  pressure  oscillations.  The  latter  measurements  require  the  use  of  high- 
response  sensing  end  recording  devices. 

Propellant  flow  rates  must  be  measured  with  an  accuracy  corres¬ 
ponding  to  that  of  all  other  measurements.  The  more  common  flow-metering  devices, 
rotating -vane  meters  and  cavitatinG  venturis,  cannot  be  used  to  accurately  deter¬ 
mine  instantaneous  flow  rates.  Therefore,  it  is  necessary  to  calibrate  the 
injector  so  that  instantaneous  flow  rates  can  be  determined  directly  from  the 
manifold  temperatures  and  pressures  and  the  chamber  pressure. 
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Throat -pressure  measurements,  although  not  absolutely  necescary, 
provide  additional  information  {e.g.,  they  indicate  the  magnitude  of  the  ratio 
of  specific  heats  for  the  combustion  products)  and  aid  in  determining  combustion 
efficiency. 

To  define  the  energy  states  throughout  the  combustor,  it  is 
necessary  to  measure  chamber-gas  temperature  and  pressure  profiles  and  to  cor¬ 
relate  this  information  with  the  optically  measured  velocity  profiles.  The  pre¬ 
sent  state  of  the  art  in  temperature-  and  pressure-sensing  limits  these  measure¬ 
ments  to  the  boundary  layer. 

III.  PARAMETER  EVALUATION 

In  order  to  evaluate  the  characteristics  of  the  combustion  phenomena  as 
encountered  ir.  full-scale  rocket  engines,  it  is  necessary  to  study  and  achieve 
o  basic  understanding  of  inherently  simple  combustion  models.  These  studies  are 
similar  to  the  orocedure  required  to  understand  the  dynamics  of  real  gas  flow 
(i.e.,  it  is  necessary  to  study  and  understand  non- viscous,  incompressible  flow 
before  studying  viscous,  compressible  flow).  Therefore,  it  is  necessary  to 
establish  the  characteristics  of  the  simpler  two-dimensional  combustion  system 
before  stucying  more  complex  problems. 

A.  DATA  EVALUATION 

1.  Particle  Motion 

Two-dimensional  chamber-gas  motion  can  be  recorded  by  high 
speed,  shutterless,  streak-film  cameras.  By  recording  the  particle  motion  along 
several  orthogonal  transparent  slits,  tvo  three-dimensional  velocity  contours 
are  obtained  for  gas  flew  throughout  the  chamber  in  directions  parallel  and  per¬ 
pendicular  to  the  chamber  axis  (Figure  6a  and  6b).  If  these  contours  are  vec- 
tcrially  summed  (Figure  6c)  a  three-dimensional  resultant  velocity  contour  is 
obtained  (Figure  6d).  A  three-dimensional  relative  available-energy  contour 
can  then  be  calculated  by  performing  a  three-dimensional  vector  differentiation 
on  the  velocity  contour  in  Figure  6d  (i.e.,  by  plotting  the  maximum  slope  at 
each  point  of  Figure  6d), 
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2.  Chamber  Gas  State  Points 

The  state  of  the  chamber  gases  is  established  from  the  experi¬ 
mentally  determined  boundary-layer  conditions  (i.e.,  temperature  and  pressures), 
the  three-dimensional  velocity  contour,  and  performance  characteristics.  A  mean 
energy  level  as  a  function  of  chamber  length  is  determined  using  the  total  mea r 
sured  thermal  efficiency  and  the  absolute- velocity  profile.  This  energy  dis¬ 
tribution  is  used  in  conjunction  v/ith  the  transverse-velocity  profile  and  the 
measured  temperatures  and  pressures  to  establish  an  energy  gradient.  It  is 
then  relatively  simple  to  divide  the  distributed  energy  into  potential  and 
kinetic  components  and  to  evaluate  gaseous-state  points  (e.g.,  temperature, 
pressure,  density,  etc. ). 

B.  TV, '0- DIMENSIONAL  WALL-EFFECT  CORRELATION  FACTORS 

The  differences  between  two-dimensional  and  full-scale  combustion 
can  be  partially  accounted  for  by  applying  a  wall-effect  correction  factor  to 
the  observed  data.  The  applicability  of  these  corrections  is  partially  depen¬ 
dent  upon  the  relative  degree  of  one -dimensionality  of  the  full-scale  phenomena. 
The  technique  for  establishing  the  required  correction  factors  is  to  perform  a 
series  cf  tests  cn  a  variable -width  chamber  (l)  by  using  a  homogeneous  injector 
pattern  (i.e.,  one  that  will  not  cause  recirculation  eddies),  (2)  by  varying 
the  chamber  width,  and  (})  by  keeping  all  other  engine  parameters  constant. 

The  wall-effect  correlation  factors  are  then  determined  for  each  set  of  operating 
cmditicns  by  the  method  described  below. 

The  maximum- velocity  profile  in  the  two-dimensional  chamber  (i.e., 
the  profile  down  the  center  of  the  chamber)  is  determined  and  plotted  for  various 
chamber  widths  (Figure  7a)*  These  curves  are  then  cross  plotted  at  various  loca¬ 
tions  down  the  chamber.  The  result  is  a  family  of  curves,  similar  to  Figure  7b> 
each  of  which  asymptotically  approaches  the  full-scale  (or  infinitely  spaced 
wall)  chamber  gas  velocity  for  their  respective  axial  locations.  By  plotting 
these  asymptotic  values  vs  chamber  length  (Figure  7 c )  a  velocity  profile,  valid 
for  the  description  of  full-scale  combustion  with  no  recirculation,  is  obtained. 
By  comparing  each  curve  of  Figure  Ja  with  the  curve  in  Figure  Jc,  two-dimensional 
wall-effect  correlation  curves  (Figure  7d)  are  established  for  various  chamber 


widths . 
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It  is  known  that  the  maximum  gaseous  velocity  within  a  channel  has 
a  tendency  to  be  located  along  the  passage  centerline,  and  that  the  velocities 
recorded  by  streak-film  photography  are  probably  derived  from  observations 
made  somewhat  closer  to  the  wall.  It  is  therefore  necessary,  if  accurate 
results  are  desired,  to  know  both  the  velocity  distribution  across  the  chamber 
width  and  the  depth  of  observation.  With  this  information,  it  is  possible  to 
determine  the  infinite-wall  velocity  profile. 

The  depth  of  observation  for  current  photographic  techniques  has  not 
yet  been  established,  but  its  resolution  should  be  relatively  straightforward. 

By  analytically  comparing  the  experimentally  determined  velocity  profiles  with 
engine  performance  (i.e.,  equating  chamber-gas  momentum  as  based  on  both  velocity 
profiles  and  engine  performance),  it  should  be  possible  to  establish  the  depth 
of  observation  and  thus  to  develop  the  necessary  correction  factors. 

The  velocity  distribution  across  the  chamber  width  cannot  be  mea¬ 
sured  directly.  It  can  be  determined,  however,  by  varying  the  chamber  height 
and  observing  the  effects  of  the  end  rails  (i.e.,  the  top  and  bottom  of  the 
chamber)  on  the  velocity  distribution  vertically  across  the  chamber  at  a  given 
axial  location.  It  is  necessary  to  assjme  that  the  side  walls  (i.e.,  windows) 
affect  the  velocity  profile  across  the  chamber  width,  at  that  location,  in  the 
seme  manner  as  do  the  end  walls.  This  is  a  valid  assumption  only  if  the  mater¬ 
ials  of  all  four  walls  are  the  same  and  the  injection  pattern  is  symmetrical. 

■These  two  considerations  must  be  included  in  the  design  criteria  for  the  two- 
dimensional  engine  if  the  maximum  velocity  profile  is  to  be  determined. 

By  following  the  above  procedures  during  the  initial  testing  of  the 
two-dimensional  motor,  three  sets  of  valuable  and  necessary  information  will  be 
obtained:  (l)  wall-effect  correlation  curves  for  various  engine  operating  con¬ 
ditions,  (2)  information  on  the  behavior  of  homogeneous  combustion,  and  (3) 
the  region  of  observation  within  an  operating  chamber. 
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C.  FULL-SCALE  EVALUATION 

Full-scale  engine  configurations  can  be  evaluated  either  directly  or 
indirectly  using  the  two-dimensional  motor. 

1.  Direct  Full-Scale  Evaluation 

Engine  operating  characteristics  are  determined  directly  by 
examining  various  sections  of  the  full-scale  combustor  in  a  two-dimensional 
motor  and  vectorially  summing  the  experimentally  measured  velocity  profiles. 

This  approach  is  not  so  straightforward  as  it  may  appear,  for  it  is  dependent 
upon  selection  of  each  sector  and  its  orientation.  In  order  that  the  experi¬ 
mental  results  may  be  applicable  as  recorded  or,  at  least,  as  determined  follow¬ 
ing  a  minimum  amount  of  numerical  analysis,  it  is  necessary  that  the  sector 
matrix  be  made  to  include  a  large  number  of  elements  in  which  fluid  flow  is 
approximately  one-dimensional.  Sectors  in  which  multidirectional  gaseous 
motion  is  encountered  are  oriented  in  such  a  manner  as  to  permit  the  exami¬ 
nation  of  the  more  significant  velocity  components.  (That  is,  the  gaseous 
motion  is  restricted  to  two  dimension,  thus  requiring  that  the  plane  of  obser¬ 
vation  be  located  in  the  plane  established  by  the  major  velocity  components.) 
This  technique  permits  the  accurate  determination  cf  gaseous  .  •  ion  in  all  but 
a  few  elements,  and  in  these  remaining  elements  the  results  should  be  valid 
though  no  I  quantitatively  accurate. 

The  examination  of  a  combustor  is  divided  into  the  determina¬ 
tion  of  single  and  multidirectional  flow  characteristics  as  affected  by  the  walls 
and  as  found  far  from  any  wall  influence.  The  characteristics  of  each  sector 
are  vectorially  summed  and  a  three-dimensional  contour  describing  the  spatial 
distribution  of  available  energy  is  established. 

2 .  Indire c t  Full-Scale  Evaluation 

The  indire rt  analysis  of  combustion  performance  requires  little 
or  no  experimentation  to  evaluate  each  specific  item  of  hardware.  The  entire 
analysis  is  based  on  numerical  calculations  .cade  using  experimentally  determined 
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relationships,  which  describe  the  effect  of  each  operating  parameter,  and  the 
sources  and  sinks,  on  the  spatial  distribution  of  available  energy.  The  con¬ 
figuration  being  investigated  is  divided  into  a  matrix  corresponding  to  the 
basic  analytical  elements  and  evaluated  using  a  digital  computer.  The  accuracy 
of  these  calculations  is  dependent  on  the  validity  of  the  empirical  exprecsions 
aid  the  combustion  model.  With  sufficient  prior  experimentation,  this  numerical 
technique  should  permit  quantitative  examination  of  any  full-scale  engine  com¬ 
bustion  mechanism. 

IV.  DESCRIPTION  OP  THE  PRESENT  TWO-DIMENSIONAL  MOTOR  ASSEMBLY 

A  description  of  the  transparent -walled  two-dimensional  motor  which  was 
fabricated  and  tested  on  this  program  (Ref.  5}  is  presented  below  (see  Figures 
8,  0,  and  10). 

A.  OPERATING  CONDITIONS 

A  brief  survey  of  the  operating  characteristics  of  present-day  rocket 
engines  was  made,  since  part  of  the  design  criteria  for  the  tvo-dimensional 
motor  cal.'’°l  for  simulation  of  the  combustion  behavior  of  these  engines.  From 
this  survey  it  was  determined  that  the  following  operating  conditions  would  be 
representative  and  could  be  achieved  using  the  two-dimensional  engine: 


Chamber  pressure: 


Contraction  ratio: 


200  <  Pc  <  1000  psia 


1.5 


Propellant  veight- 
flow  density: 


0.5  <  <  3.0  lb/sec-in.2 

i*. 

c 


Injection  orifice 

diameter:  0.050  <  d  <  0.150  in. 

o 


Propellant  injection 

velocity:  20  <  V  <  200  ft/sec 

o 


Page  18 


I 


IV  Description  of  the  Present  Two-Dimensional  Report  Nc.  218$ 

Motor  Assembly,  A  (cont.  ) 

Chamber  length:  6  <  L,  <  22  in. 

Combustion  efficiency:  90  <  <  100$ 

If  empirical  and/or  analytical  relationships  are  to  be  developed 
from  the  experimental  data  resulting  from  the  use  of  this  motor,  it  is  impera¬ 
tive  that  the  operating  conditions  be  accurately  defined  and  controlled.  A 
brief  discussion  of  the  manner  in  which  these  operating  conditions  are  con¬ 
trolled  is  presented  below. 

1.  Control  of  Chamber  Pressure: 

Chamber  pressure  can  be  predicted  for  any  given  test  by  ac¬ 
curately  controlling  the  propellant  flow  rates,  mixture  ratio,  and  contraction 
ratio.  The  state-of-the-art  for  testing  medium-size  thrust  chambers  limits 
propellant  flow-rate  control  to  t  2$,  mixture  ratio  to  t  4$,  and  contraction 
ratio  to  i  2$.  Therefore,  chamber  pressure  can  be  predicted  within  I  5$  for 
a  given  engine  configuration,  if  the  C  efficiency  is  known.  The  chamber 
pressure  can  be  measured  within  t  5$. 

2.  Control  of  Injection  Characteristics 

The  control  of  the  propellant  injection  characteristics  is 
important,  since  a  deviation  from  the  predicted  propellant  spatial  distribution 
will  alter  the  resultant  chamber-gas  velocity  contour  (Figure  6d).  The  propel¬ 
lant  Jets  must  therefore  exhibit  a  high  degree  of  directional  and  mass-flow 
stability. 

Recommendations  for  the  design  of  an  orifice  which  will  pro¬ 
duce  a  stable,  reproducible  Jet  are  found  in  Ref.  l6.  Such  an  orifice  should 
have  a  long  orif ice-length-to-diameter  ratio,  i>/d  (i.e.,  an  f/d  of  the  order  of 
10  to  20),  a  contoured  entrance,  and  a  turbulence  generator  (i.e.,  a  roughened 
section  near  th*  orifice  entrance).  It  has  been  demonstrated  (Ref.  16)  that 
"turbulence-inducing  devices  tend  to  promote  directional  stability  and  reduce 
the  effects  of  upstream  disturbances."  Hot  only  will  a  long-^/d  orifice  im¬ 
prove  Jet  directional  stability  but  it  will  also  tend  to  minimize  the  effect 
of  chamber-pressure  oscillations  on  the  instantaneous  propellant  flow  rate 
because  of  the  relatively  large  drop  in  injection  pressure.  The  resultant 
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stability  tends  to  improve  the  homogeneous  character  of  the  combustion  process 
and  reduces  the  probability  of  incurring  a  low-frequency  combustion  instability. 

To  control  propellant  distribution  in  the  combustion  chamber, 
it  in  necessary  that  the  static  pressure  be  constant,  or  at  least  predictable, 
at  the  entrance  to  each  injection  orifice.  A  common  problem  encountered  in  many 
injectors  is  that  of  local  manifold-pressure  variations  caused  by  high  fluid- 
velocity  gradients.  These  gradients  result  in  nonuniform  distributions  of 
(a)  static  pressures  within  the  manifold,  (o)  pressure  gradients  across  each 
individual  orifice,  and  (c)  propellant  within  the  chamber.  Since  these  distri¬ 
bution  functions  are  generally  difficult  to  predict  accurately,  one  of  the  design 
considerations  for  the  injector  is  the  reduction  of  the  maximum  manifold  velocity 
to  10  ft/sec  resulting  in  a  velocity  pressure  head  of  less  than  1.0  psi.  As  a 
result,  it  is  possible  to  achieve  a  maximum  variation  of  less  than  l.Ojo  in  the 
injection  velocity  between  similar  orifices.  This  condition  was  satisfied  in 
the  fuel  manifold,  but  not  in  the  oxidizer  manifold,  because  of  the  cryogenic 
properties  cf  liquid  oxygen  (LC^).  A  minimum  L02  feed  velocity  is  required  to 
prevent,  significant  vaporization  of  the  liquid  prior  to  injection  into  the 
chamber.  In  order  to  maintain  this  minimum  velocity,  no  more  than  three  oxi¬ 
dizer  feed  lines  could  be  used.  The  resulting  compromise  oxidizer-feed  config¬ 
uration  caused  a  %  variation  from  the  mean  value  of  the  injection  velocity  at 
the  orifices  in  the  immediate  vicinity  of  the  feed  lines,  for  the  tests  with 
the  highest  flow- rate. 

B.  PROPELLANTS 

The  primary  reason  for  selecting  LO^/RP-l  as  the  propellant  combina¬ 
tion  for  the  initial  testing  of  this  engine  was  that  past  experience  had  shown 
that  good  streak-film  records  are  readily  obtained  with  it.  The  burning  of  this 
propellant  produces  a  high-temperature  gas  containing  large  amounts  of  luminous 
carbon  particles  which  yield  satisfactory  streak-film  records  and  are  thus  more 
readily  photographable .  Experience  to  date  has  shown  that  streak-film  records 
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are  difficult  to  obtain  when  nonhyclrocarbon  fuels  6uch  as  are  used.  This 
situation  may  possibly  be  improved  by  using  fuel  additives  which  do  not  other¬ 
wise  affect  combustion  performance.  Such  techniques  have  not  yet  been  proven 
but  some  experimentation  has  been  done  at  Aerojet  along  this  line  with  promising 
results. 

C.  EQUIPMENT  DESCRIPTION 

A  description  of  the  components  used  in  the  two-dimensional  motor 
assembly  is  presented  below. 

1.  Combustion  Chamber 

The  maximum  internal  dimensions  of  the  two-dimensional  com¬ 
bustion  chamber  are  3*00  in.  wide  by  7 .67  in.  high  by  22.0  in-  long  (Figure 
6).  All  of  these  dimensions  can  be  reduced  to  any  size  less  than  the  maximum 
by  using  the  proper  size  wall  liners  and  nozzle  inserts. 

Tiie  chamber  wall  material  can  be  varied.  Wall  liners  of  both 
Iucite  and  zirccnia-coated  steel  were  fabricated  and  tested. 

2.  Nozzle 

Three  different  throat-area  nozzle  assemblies  were  fabricated 
for  a  1.00- in. -wide  chamber  and  a  single  assembly  for  the  3»00-in.  chamber. 

These  nozzle  assemblies  have  the  following  contraction  ratios:  1.75/  2 ,46,  and 
3-46,  and  2.46,  respectively.  Each  nozzle  has  a  rectangular  cross  section  con¬ 
sisting  of  two  flat  and  two  contoured  sections  of  refractory  coated  copper 
(Figure  11 ). 

3.  Injector 

Tvc  injectors  having  the  same  showerhead  pattern  were  built, 
one  for  each  type  of  chamber.  The  injection  pattern  (Figure  9)  is  symmetrical 
about  a  45°  angle  with  the  chamber  wall.  The  oxidizer  and  fuel  orifices  have 
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diameters  of  0.055  and  0.052  in.  and  lengths  of  1.50  and  0.50  in.,  respectively. 
They  ore  equally  spaced,  0.533  in.  apart,  in  both  directions.  All  orifices 
have  a  contoured  entrance  and  a  turbulence-inducing  device  as  shown  in  the 
6katch  of  the  oxidizer  orifice  in  Figure  12.  The  distance  between  each  wall 
and  the  nearest  row  of  orifices  is  0.167  in.  The  injector  is  designed  so  that 
thefuel-orificc  plate  can  be  removed  and  replaced  by  another  plate  with  a  dif¬ 
ferent  orifice  configuration. 

4.  Windows 

The  design  criteria  for  the  transparent-walled  motor  stated 
that  the  •.dndov-clmr.ping  device  should  not  obscure  any  part  of  the  field  of 
'/lew  of  the  streak-film  camera.  The  load  that  each  window  was  designed  to 
carry  is  approximately  200,000  lb  (i.e.,  1000  psi  over  200  sq  in.),  thus  re¬ 
quiring  a  window  thickness  of  approximately  4.0  in.  to  withstand  these  forces. 

To  avoid  the  expense  of  replacing  these  windows  after  each 
test,  thin  disposable  liners  were  inserted  between  the  flame  and  the  window 
proper.  This  technique  is  fairly  common  where  plastic  is  used  both  to  contain 
the  combustion  process  and  to  allow  the  experimental  observation  of  the  phe¬ 
nomena. 

D.  INGTHUf-ENTATIQN 

1.  Photographic  Techniques 

The  majority  of  the  significant  data  on  this  test  program  was 
to  be  recorded  by  streak-film  photography.  Four  General  Radio  Oscillograph 

Records  were  used  to  observe  and  record  particle  motion.  Three  were  focused 
through  axial  transparent  slits  on  one  side  of  the  chamber  and  the  fourth  was 
focused  on  a  vertical  slit  on  the  other  side  (Figure  13 ).  All  four  of  these 
cameras  bad  film  speeds  of  about  80  ft/sec. 

To  obtain  streak  photographs  for  computing  instantaneous 
local  chamber-gas  velocities,  it  is  necessary  to  limit  the  camera's  field  of 
view  to  a  narrow  strip  about  0,10  in.  wide.  This  can  be  done  by  the  follow¬ 
ing  two  methods:  (a)  A  narrow  slit  is  positioned  near  the  focal  plane  of  the 
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camera  and  perpendicular  to  the  film  edge3  in  such  a  manner  as  to  admit  only 
the  illumination  from  a  narrow  strip  along  the  chamber  wall;  (b)  the  chamber 
walls  are  masked,  so  that  only  the  illumination  from  a  narrow  slit  is  observed. 

The  first  method  has  several  disadvantages.  If  there  is  a 
relative  vibration  between  the  camera  and  the  chamber,  the  section  of  the 
chamber  viewed  will  vary  with  time  and  consequently  instantaneous  local  veloc¬ 
ities  cannot  be  accurately  determined.  Also  it  is  impossible  to  locate  the 
mask  exactly  at  the  focal  plane  because  this  position  is  occupied  by  the  film. 

The  advantages  of  the  masked  window  approach  are:  (a)  The 
chamber  location  viewed  remains  constant  with  time,  and  (b)  when  the  proper 
safeguards  are  included,  little  extraneous  chamber  light  strikes  the  film.  It 
should  be  noted  that  this  method  cannot  be  used  if  more  than  one  slit  is  being 
viewed  on  the  same  side  of  the  motor,  since  it  is  possible  that  more  than  one 
slit  would  be  in  the  field  of  view  of  each  camera  simultaneously.  Therefore  it 
is  necessary  to  use  a  focal -plane  mask  in  conjunction  with  the  window  slit.  The 
focal -plane  mack  vail  eliminate  all  extraneous  chamber  light,  while  the  window 
slit  will  restrict  viewing  to  a  specified  location. 

2.  Pressure  Measurement 

A  high-response  pressure  transducer  (Phctocon,  Model  352)  was 
mounted  in  the  top  of  the  chamber,  3*37  in.  downstream  from  the  injector  face. 
The  transducer  could  not  be  mounted  flush  because  of  the  liner  at  this  location. 
Therefore  it  was  mounted  5/8  in.  above  the  chamber  inner  face  with  a  l/8-in.- 
dia  hole  connecting  the  instrument  and  the  chamber  cavity. 

Shock-tube  tests  indicated  that  the  transducer,  as  mounted, 
has  a  flat  frequency  response  in  excess  of  2500  cps. 

Lower-response  pressure  transducers  (Wiankos)  were  connected 
to  each  of  the  injector  propellant  manifolds,  to  the  chamber,  and  to  the  nozzle 
throat  to  record  steady-state  pressures. 
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V.  EXPERIMENTAL  PROGRAM 

An  experimental  program  to  evaluate  the  operating  characteristics  of  the 
two-dimensional  motor  was  conducted.  The  installation  and  testing  cf  the  hard¬ 
ware,  and  the  analysis  of  the  resultant  data  are  discussed  below. 

A.  APPARATUS  AND  TEST  INSTALLATION 

For  the  first  test  of  the  series,,  the  two-dimensional  motor  was 
installed  as  indicated  in  Figure  10,  Cameras  were  counted  to  view  and  record, 
through  windows  located  on  both  sides  of  the  engine,  the  events  occurring  within 
the  thrust  chamber.  Three  streak-film  cameras  (i.e.,  General  Radio  Oscillo¬ 
graph  Recorders )  were  oriented  to  photograph  particle  motion  in  an  axial  direc¬ 
tion  while  the  other  camera,  en  the  opposite  side  of  the  engine,  viewed  particle 
motion  in  the  transverse  direction,  (Figure  13 ).  Framing  cameras  reecrded  the 
.injection  mechanism  and  the  overall  engine  operating  characteristics  at  100C 
and  6b  frames  per  second  respectively. 

Following  the  initial  test,  it  was  determined  that  certain  modifi¬ 
cations  in  the  test  procedure  and  installation  were  required: 

1.  Additional  igniters  and  a  longer  burning  duration  for  the 
igniter 

2.  A  shorter  oxidizer-manifold  pre-chill  time 

3.  Smaller  fuel  and  oxidizer  internal-manifold  volumes 

4.  An  extended  valve  opening  time 

3.  Additional  blast  protection  for  the  cameras 

The  major  changes  to  the  test  facility  were  the  addition  of  a  blast  shield,  the 
substitution  of  a  steel  window  in  place  of  the  Lucite  on  one  side  of  the  chamber 
and  the  elimination  of  the  transverse-motion  recording  camera.  The  test  instal¬ 
lation  employed  in  all  subsequent  tests  is  shown  in  Figure  lb. 

A  single  igniter  of  0.70-sec  duration  was  installed  in  the  top  of 
the  chamber  on  the  first  test.  Three  4,0- sec  igniters  were  installed  on  the 
chamber,  one  on  the  top  and  two  on  the  bottom,  for  the  second  and  third  tests; 
three  2. 2-sec  igniters  were  used  at  the  same  locations  for  the  final  four  tests. 
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It  was  found  that  the  additional  igniters  provided  the  required  igniter  reli¬ 
ability  on  all  tests  after  the  first.  The  igniters  were  mounted  outsiue  the 
chamber  and  contained  an  Alclo-based,  restricted  solid  grain. 

L0g/R?-1  was  the  propellant  combination  employed  for  this  test 

series.  In  order  to  achieve  a  stabilized  LOg  temperature  during  injection 

into  the  " jmbustor,  the  oxidizer  manifold  vas  pre-chilled  prior  to  fire-switch, 

.  * 

using  LOg.  The  pre-chill  time  used  on  Test  No.  D-471-IM-1  vas  5.0  sec.  There¬ 
after,  it  was  found  that  the  required  amount  of  pre-chill  could  be  satisfactorily 
accomplished  by  '/ending  the  cold  oxygen  vapor  through  the  injector. 

The  start  characteristics  of  the  two-dimensional  motor  were  modified 
by  decreasing  the  volumes  of  the  internal  fuel  and  oxidizer  manifold  and  in¬ 
creasing  the  propellant- valve  opening  time. 

3.  EXPERIMENTAL  TESTING 

The  objective  of  the  test  program  vas  to  determine  the  validity  of 
the  two-dimensional  motor  as  a  research  device.  The  scope  of  the  program  vas 
net  sufficiently  bread  to  give  a  complete  evaluation  of  the  two-dimensional 
motor,  but  it  vas  sufficient  to  indicate  operating  characteristics  (see  Sec¬ 
tion  III).  Eccause  of  limited  time  and  funds,  it  vas  necessary  to  shorten  the 
current  program  to  a  minimum  number  cf  firings.  The  test  program  as  originally 
planned  vas  tc  be  conducted  using  two  chamber  widths  -  1.0  and  5-0  inches  -  and 
two  contraction  ratios  -  1.75  and  2.46.  This  program  was  to  include  investi¬ 
gations  at  three  chamber  pressures  and  three  propellant  flow  rates.  The  mixture 
ratio,  propellant  combination,  injection  temperatures,  wall  material,  etc.,  were 
tc  be  hela  constant  throughout  the  entire  test  program. 

Damage  to  equipment  during  the  first  test  necessitated  the  selection 
of  an  alternate  scheme  for  parameter  variation.  The  test  conditions,  as  they 
were  planned  and  conducted,  are  listed  in  Table  1, 

A  detonation  occurred  on  the  first  test  as  the  result  of  delayed 
ignition  of  propellant  accumulated  in  the  combustion  chamber.  The  igniter  flame 


Where  tests  are  denoted  as  "Test  No.  X"  it  is  to  be  understood  that  this  means 
"Tost  No.  D-471-m-X. 
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had  insufficient  penetration  to  traverse  from  the  top  of  the  chamber  to  the  bottom, 
where  unburned  propellant  had  accumulated  during  the  start  transient.  The  delayed 
ignition  resulted  in  an  explosion  which  damaged  the  four  streak-film  cameras,  the 
injector  assembly,  and  a  set  of  Lucite  windows.  The  damage  resulting  from  this 
explcsicr.  is  shown  in  the  view  of  the  test  facility  in  Figure  15. 

The  test  installation  and  experimental  hardware  were  modified,  as  dis¬ 
cussed  above,  to  prevent  further  explosions.  To  determine  the  effectiveness  of 
these  modifications,  an  inert-propellant  sequence  test  was  conducted  using  liquid 
nitrogen,  IN,  and  RP-1.  This  test  indicated  that  the  major  shortcomings  in  the 
test  procedure  had  been  eliminated. 

Tests  No.  3  and  4  were  conducted  'with  no  major  problems.  The  pro¬ 
pellant  flow  rates  on  Test  No.  3  deviated  from  the  planned  values  because  improper 
metering  devices  were  used.  The  devices  were  corrected  for  Test  No.  4. 

An  explosion  occurred  during  Test  No.  5>  caused  by  a  short  in  the 
igniter  circuit  and  failure  of  the  TPS  (Time -Pres sure  Sensing)  switch  to  properly 
terminate  the  test.  The  current  to  the  igniters,  at  fire-svitch,  was  insufficient 
tc  initiate  igniter  burning.  The  lev  chamber  pressure  due  to  non-ignition  of  the 
propellants  should  have  been  sensed  by  the  TPS  switch  to  terminate  the  test.  How- 
°ver,.  because  of  the  malfunction  of  the  TPS  switch,  the  propellants  were  continu¬ 
ally  injected  and  accumulated  in  the  combustion  chamber.  A  short  in  the  sequence 
circuit  applied  an  additional  current  impulse  to  the  igniters  shortly  thereafter; 
this  sufficed  to  initiate  igniter  burning,  and  the  explosion  resulted,  (it 
should  be  noted  that  the  total  energy  required  to  initiate  igniter  burning  is 
approximately  constant  if  applied  over  a  short  period.  This  energy  could  be  ap¬ 
plied  by  series  of  impulses,  a  single  intense  pulse,  or  a  single  extended  low- 
level  pulse  of  the  same  total-energy  level. )  Equipment  damage  in  this  explosion 
was  limited  to  the  less  of  a  Lucite  vindov. 

It  should  be  noted  that  because  of  window  ablation,  the  photographic 
data  collected  during  these  tests  did  not  meet  the  minimum  resolution  required 
for  accurate  evaluations  of  particle  motion.  To  improve  both  the  performance  of 
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the  motor  and  the  quality  of  the  streak-film  records,  the  area  of  Lucite  in  the 
liners  exposed  to  the  combustion  flames  v/as  reduced.  Zirconia-coated  steel 
strips  were  used  to  replace  the  Lucite  in  all  ejroosed  locations  except  at  the 
viewing  slits.  Tests  No.  6  and  7  '«re  conducted  with  the  modified  liners  and 
an  lucre'1  ne  in  performance  was  achieved.  Even  under  these  improved  conditions 
it  was  found  that  there  still  existed  sufficient  ablation  of  the  Lucite  to 
ceure  severe  attenuation  and  diffusion  of  the  transmitted  light. 

Section  II,  above,  discussed  the  basis  for  using  plastic  liners 
within  the  combustion  chamber.  The  erosion  encountered  (see  Figure  16)  was 
greater  than  that  found  when  using  previous  devices  because  of  (l)  the  close 
proximity  of  propellant  injection  and  combustion  to  the  liners,  and  (2)  the 
severity  of  the  environmental  conditions  to  which  the  Lucite  was  subjected. 
Previous  motor  configurations  were  designed  with  a  definite  separation  between 
the  viewing  windows  and  the  injected  propellant  jets,  and  consequently  erosion 
was  confined  to  areas  of  direct  propellant  impingement  and  to  the  nozzle  throat. 
These  motors  generally  operated  at  much  higher  contraction  ratios,  thus  mini¬ 
mizing  the  effects  of  gas  motion. 

lie  data  recorded  during  these  tests  is  evaluated  and  its  signifi¬ 
cance  discussed  below. 

C.  ANALYSIS  AND  INTERPRETATION  OF  EXPERIMENTAL  DATA 

As  indicated  in  the  preceding  sectio;  s,  the  Two-Dimensional  Motor 
Test  Program  has  been  hindered  by  difficulties  jL  achieving  the  program  ob¬ 
jective.  Ln  spite  of  differences  bet’./een  the  planned  and  actual  operating 
conditions  of  the  motor  on  these  tests,  valuable  information  was  gathered 
which  indicates  the  potential  for  this  device. 

1.  Stable  Operation 

Any  device  which  is  designed  to  study  the  combustion  mechanism 
as  encountered  in  full-scale  operational  thrust  chambers  must  simulate  these 
conditions.  It  is  impossible  to  examine  a  low-temperature,  low-pressure  Bunsen- 
burner  flame  and  relate  this  information  directly  to  realistic  rocketry  problems. 


Page  27 


V.  Experimental  Program,  C  (cont. )  Report  No.  218 

The  experimental  devices  used  in  the  analysis  of  combustion  must  duplicate 
combustor  environmental  conditions  until  sufficiently  accurate  analytical  tech¬ 
niques  are  developed  to  eliminate  the  need  for  testing  altogether.  The  approach 
taken  years  ago  vas  simply  to  test  and  evaluate  data  from  "work-horse"  chambers 
similar  in  size  anu  configuration  to  "flight"  hardware.  Considering  the  size 
and  complexity  of  current  engines,  this  is  much  more  difficult.  Furthermore, 
it  becomes  increasingly  difficult  to  control  scientifically  all  significant 
parameters . 

The  basis  of  the  design  criteria  for  the  two-dimensional  motor 
in  achieving  simulation  of  the  configuration  normally  encountered  in  flight- 
type  hardware  was  discussed  in  Section  II,  It  is  significant  to  note  that 
unavoidable  deviations  exist  between  the  combustor  size  and  internal  wetted 
perimeter  of  these  devices.  In  order  to  qualify  the  two-dimensional  motor  as 
a  valid  research  device,  it  is  necessary  to  demonstrate  that  these  differences 
can  be  reconciled.  This  can  be  accomplished  by  showing  either  that  (a)  vari¬ 
ations  in  these  parameters  have  little  or  no  effect  on  the  combustion  mechanism, 
or  that  ft  )  it  is  possible  to  establish  the  necessary  correlations  to  account 
for  the  deviations.  One  of  the  program  objectives  called  for  demonstrating  the 
effect  of  chamber  width  on  the  gross  combustion  characteristics  by  conducting 
tests  at  two  different  chamber  widths.  The  explosion  which  occurred  on  Test  No. 

1  destroyed  an  injector,  thus  limiting  subsequent  studies  to  a  single  width. 

The  width  employed  on  the  remaining  tests  was  1.0  in.,  since  it  was  felt  that 
this  configuration  would  subject  the  motor  to  a  severer  test  of  its  capabilities. 

a.  Combustion  Efficiency 

Only  one  test,  Test  No.  D-471-IM-6  (see  Table  i), 
achieved  a  combustion  efficiency  sufficiently  high  to  be  comparable  to  full-scale 
thrust  chamber  performance.  Tests  No.  J,  4,  and  7  did  not  achieve  adequate  com¬ 
bustion  efficiency  because  of  off -mixture-ratio  oyerat: on,  excessive  Lucite 
ablation,  and  chamber  gas  leakage,  respectively.  The  lack  of  full-scale  simu¬ 
lation  on  Tests  No.  1,  2,  and  5  is  obvious;  therefore,  the  analysis  of  combustion 
efficiency  will  be  restricted  to  Test  No.  6, 
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The  chamber-pressure  record  for  this  test  is  shown  in 

Figure  17.  The  instability  shown  on  this  figure  will  be  discussed  below.  The 

motor  achieved  combustion  efficiencies  of  89*5$  and  86.1$  at  times  t  =2.2  and 

s 

2. It  sec.  At  t  =2.2  the  igniters  were  still  in  operation;  therefore  the  above 

s 

efficiency  has  been  corrected  to  account  for  the  additional  mass  and  energy. 

Had  the  efficiency  been  based  solely  on  propellant  flow  rate  and  chamber  pres¬ 
sure,  it  would  have  indicated  an  apparent  efficiency  of  95 • 8$.  Contrary  to  the 
behavior  exhibited  throughout  all  other  stages  of  the  test,  during  this  phase 

there  was  little  evidence  of  'unstable  combustion,  (see  Figure  17).  At  t  =2.4 

s 

sec  the  thrust  chamber  had  a  low-frequency  instability  (f  =  7 6.6  cps).  This 
instability  is  discussed  below.  It  should  be  noted  that  the  chamber-pressure 
trace  illustrated  in  this  figure  is  an  arithmetic  mean. 

These  efficiencies  are  high,  when  chamber  size  is  con¬ 
sidered,  and  are  only  slightly  lover  then  those  encountered  in  flight  hardware. 
Considering  the  effect  of  the  low-frequency  instability  and  the  Lucite  ablation, 
both  cf  which  result  in  a  lover  efficiency,  the  recorded  performance  is  quite 
satisfactory. 

b.  Particle  Motion 

Figures  lc  and  19  illustrate  the  recorded  particle  motion 
during  the  start  transients  of  Tests  No,  5  and  7*  As  discussed  above,  the 
ablation  of  the  lucite  liners  precluded  the  measurement  of  gaseous  particle 
motion  at  any  time  other  than  during  the  initial  stages  of  ignition.  The 
curves  shown  are  based  on  the  gross  motion  of  a  series  of  luminous  particles. 

As  such  they  represent  instantaneous  motion  along  a  streamline.  Recirculation 
eddies  are  apparent  in  each  of  these  figures.  In  Figure  18,  combustion  apparently 
occurs  somewhere  down-chamber,  near  the  igniter,  with  the  generated  gases  ex¬ 
panding  toward  both  the  injector  and  the  nozzle.  In  Figure  19  gases  are  appar¬ 
ently  being  generated  both  at  the  injector  and  near  the  upper  igniter.  The 
resultant  gas  motion  near  the  injector  is  toward  the  nozzle  while  gases  generated 
near  the  igniter  move  toward  both  the  injector  and  the  nozzle. 
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Since  mutually  perpendicular  slits  were  not  used  alter 
the  ejplosion  on  Test  No.  1,  it  was  not  possible  to  determine  the  absolute  gas 
velocity  in  the  regions  of  recirculation.  Hence  it  was  not  possible  to  derive 
velocity  or  available-energy  profiles  from  the  particle  motions  illustrated  in 
these  figures. 

c.  Window  Ablation 

Figure  l6  shows  the  erosion  caused  by  the  chamber  gases. 
This  type  of  liner,  with  coated-steel  strip  inserts,  was  used  on  Tests  No.  6 
and  7*  Solid  Lucite  liners  without  the  strip  inserts  were  used  on  all  other 
tents.  The  significant  point  to  note  in  this  figure  is  the  magnitude  of  the 
erosion  and  the  amount  of  the  carbon  deposited. 

The  liner  shorn  in  Figure  l6  has  zirconia-coated  steel 
inserts  attached  to  the  combustion  side  of  the  liner  to  minimize  the  amount  of 
plastic  exposed  to  the  combustion  gases.  By  reducing  the  total  exposed  Lucite 
surface  area  from  361  sq  in.  to  27  sq  in.  the  time-average  ablation  rate  was 
reduced  from  1.5  lb/sec  to  0.15  lb/sec  (see  Figure  20).  The  conparative  change 
in  combustion  efficiency  was  from  7°»2','  to  86.1$  for  Tests  No.  4  and  6  respec¬ 
tively  (Table  i).  It  is  estimated  that  if  no  ablation  had  occurred  the  motor 
would  have  achieved  a  combustion  efficiency  of  88.3$. 

2.  Unstable  Combustion 

During  the  course  of  this  test  series,  three  distinct  forms  of 
unstable  -’.ombustion  were  encountered.  Instrumentation  techniques  enployed  on 
this  program  demonstrated  its  capability  to  accurately  document  each  of  these 
unstable  modes. 

a.  Detonation  Waves 

Detonations  within  a  thrust  chamber  are  not  particularly 
rare,  but  it  is  quite  unusual  to  record  anything  other  than  the  effects  of  a 
detonation  wave  on  the  test  hardware. 
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The  explosion  v/hich  occurred  on  Te6t  No.  1  was  documented 
on  streak  film  (Figure  21)  as  a  record  of  the  generation  and  propagation  of  a 
series  of  detonation  v/aves.  The  initial  detonation  apparently  developed  near 
the  igniter,  forming  two  distinct  fronts  moving  in  opposite  directions.  The 
width  of  the  wave -induced  luminosity  indicates  that  one  front  was  reflected  at 
the  injector,  overtook  and  coalesced  with  its  counterpart.  A  second  detonation 
wave  appears  at  about  the  time  that  the  first  wave  arrives  at  the  nozzle  entrance, 
The  third  wave  recorded  has  the  characteristics  of  a  deflagration  front  because  of 
its  low  front  velocity.  The  maximum  front  velocities  measured  were  6320,  13400, 
and  3790  fps  for  the  first,  second,  and  third  waves,  respectively. 

A  typical  luminosity  trace  which  indicates  gaseous-par¬ 
ticle  mcticn  is  shown  in  Figure  21.  The  particle  velocities  varied  from  9^0  fps 
at  the  second  wave  to  1720  fps  at  the  third  wave. 

The  photographic  records  as  indicated  in  Figure  21  are 
quite  detailed.  However,  the  pressure  measurements  yielded  no  data  because  of 
the  extremely  rapid  sequence  of  events  and  time-response  limitations  of  the 
transducers. 

b.  Low-Frequency  Instability 

Low-frequency  unstable  combustion  was  encountered  during 
the  starting  transients  of  Tests  No.  3;  4,  and  6  and  during  steady-state  opera¬ 
tion  of  Test  No.  6.  This  mode  of  unstable  combustion  is  due  to  critical  hydrau¬ 
lic  coupling  between  disturbances  in  the  chamber  and  the  fuel  manifold.  The 
injection-pressure  drop  during  these  tests  was  never  greater  than  30  psi. 

Figure  17  illustrates  the  time  history  of  the  peak-to-peak  amplitude  of  a  low- 
frequency  instability.  The  maximum  peak-to-peak  amplitude  was  105  psi  while 
the  oscillation  frequency  remained  approximately  constant  at  76.6  cps.  The 
maximum  peak-to-peak  amplitude  for  the  fuel-manifold  pressure  oscillation  was 
45  psi  with  a  62°  phase  shift  between  the  chamber  and  fuel-manifold  pressure 
oscillations.  In  Test  No.  6,  a  low-frequency  instability  was  not  detected  dur¬ 
ing  steady-state  chamber  pressure  operation,  while  the  igniters  were  burning, 
or  during  the  high-frequency  instability. 
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c.  High-Frequency  Instability 


Figure  17  shows  the  presence  cf  high-frequency  instability 
during  the  start  transient  of  Test  No.  6.  The  operating  parameters  that  pre¬ 
vailed  during  the  instability  were: 


Chamber  pressure 
Propellant  flow  rate 
Mixture  ratio 


Pc  =  152  psia 
Wp  =  4.3  lbs/sec 
il.R.  =  1.8 


Combustion  efficiency 
Chamber  temperature 
Ratio  of  specific  heats 
Acoustic  velocity 


^  =  59* 
^c(calc)  - 

a  =  39^0  fps 


The  instability  had  an  average  peak-to-peak  pressure 
amplitude  of  70  psi  and  a  frequency  of  2650  cps.  The  streak-film  photographs 
indicated  that  the  instability  was  moving  in  a  transverse  direction.  (The 
resolution  of  the  event  on  the  film  was  satisfactory  for  viewing  but  was  not 
sufficient  for  reproduction.  )  The  values  as  reported  have  a  tolerance  of  as 
much  as  +  10$  because  of  the  transient  conditions  and  instrumentation  response. 
Therefore,  though  an  accurate  analytical  correlation  could  not  be  made,  it  can 
be  concluded  that  the  recorded  instability  was  a  transverse  mode.  Furthermore, 
it  is  probable  that  the  transverse  high-frequency  instability  was  triggered  by 
the  low-frequency  instability. 

A  different  form  of  high-frequency  unstable  combustion 
occurred  on  Test  No.  6,  simultaneously  mth  that  of  a  low-frequency  instability 
as  shown  in  Figure  22.  The  high-frequency  and  low-frequency  instabilities  were 
superimposed  in  such  a  way  that  when  the  low-frequency  amplitude  was  at  its 
minimum  value  the  high-frequency  amplitude  ms  at  its  maximum  value.  The  maxi¬ 
mum  measured  peak-to-peak  amplitude  ms  25  psi,  and  the  frequency  of  oscillation 
was  2300  cps. 
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A.  CONCLUSIONS 

On  the  basis  of  the  experimental  program  described  in  this  report,  the 
following  remarks  can  be  made  regarding  the  utility  of  the  two-dimensional  motor 
as  a  combustion  research  device.  These  remarks  summarize  the  findings  of  the  first 
two  phases  of  the  Two- Dimensional  Motor  Program.  These  studies  did  not,  nor  were 
they  expected  to,  provide  all  of  the  information  necessary  to  describe  the  opera¬ 
ting  characteristics  of  the  two-dimensional  motor  or  the  mechanism  determining 
inherent  stability.  It  will  be  the  purpose  of  future  studies  to  complete  the 
requirements  of  the  overall  program. 

1.  It  is  possible  to  achieve  the  degree  of  optical  resolution,  in 
viewing  events  within  the  two-dimensional  motor,  required  for  the  accurate  deter¬ 
mination  of  combustion  characteristics. 

2.  By  accurately  measuring  the  spatial  distribution  of  kinetic 
energy  and  the  gaseous  boundary  layer  temperature  and  pressure  distributions, 
it  should  be  possible  to  define  the  total  energy  state  within  the  combustor. 

3.  Many  of  the  characteristics  of  unstable  combustion  can  be 
studied  using  the  two-dimensional  motor.  Such  investigations  can  even  include 
the  experimental  observation  of  the  detonation  phenomena. 

k.  The  effects  of  material  erosion,  of  the  physical  and  chemical 
properties  cf  the  propellant- injector  design,  etc.,  can  be  evaluated  to  determine 
their  influence  on  the  characteristics  of  the  combustion  mechanism.  Knowing  the 
relationship  between  the  injector  design  and  the  combustion  mechanism,  it  is  pos¬ 
sible  to  evaluate  the  effect  of  injector  design  variations  on  such  considerations 
as  the  erosion  of  materials  in  the  combustor. 

5.  It  is  possible  to  record  experimental  data  with  the  precision 
required  to  establish  the  necessary  empirical  relationships  for  describing  com¬ 
bustion. 

It  should  be  noted  that  these  remarks  are  based  upon  the  validity  of 
the  techniques  described  in  Sections  II  and  III. 
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B.  RECOf-MENMTIONS 

The  discussions  in  Section  V  and  above  indicate  that  the  two-dimen¬ 
sional  motor  is  a  useful  device  and  can  be  used  to  advance  the  state  of  the  art 
in  combustion  research.  However,  to  achieve  its  full  potential,  certain  basic 
modifications  must  be  made  in  the  present  design,  including  the  following: 

1.  The  use  of  optical-quality  quartz  in  all  viewing  slits  to 
minimize  ablation  of  window  material. 

2.  The  use  of  several  mutually  perpendicular  slit-i/indows  to 
evaluate  the  dimensional  velocity  contours. 

3.  The  use  of  boundary- layer  temperature-  and  pressure-sensing 
devices  to  establish  energy  state  points. 

By  incorporating  these  modifications  into  the  basic  hardware  and 
conducting  a  complete  test  series,  in  which  the  effects  of  all  significant 
variable?  (e.g.,  chamber  pressure,  mixture  ratio,  injector  design,  chamber 
configuration,  etc.  )  are  investigated,  it  should  be  possible  to  establish 
relationships  between  these  parameters  and  the  combustion  mechanism.  It  will 
then  be  relatively  simple  to  determine  a  relationship  between  any  operating 
parameter  and  inherent  stability  and  to  establish  the  technique  for  predicting 
full-scale  engine  performance. 
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